Although long Nanopore reads are advantageous in de novo genome assembly, 34 applying Nanopore reads in genomic studies is still hindered by their complex errors. 35 Here, we developed NECAT, an error correction and de novo assembly tool designed 36 to overcome complex errors in Nanopore reads. We proposed an adaptive read 37 selection and two-step progressive method to quickly correct Nanopore reads to high 38 accuracy. We introduced a two-stage assembler to utilize the full length of Nanopore 39 reads. NECAT achieves superior performance in both error correction and de novo 40 assembly of Nanopore reads. NECAT requires only 7,225 CPU hours to assemble a 41 35X coverage human genome and achieves a 2.28-fold improvement in NG50. 42 Furthermore, our assembly of the human WERI cell line showed an NG50 of 29 Mbp.
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did not perform local alignment of supporting reads to this region anymore (Online 180 Methods). 181 Progressive assembly of Nanopore reads 182 The long length of Nanopore reads is a significant advantage for de novo genome 183 assembly. However, HERS inside long Nanopore reads usually fail to be corrected, 184 leading to the splitting of long Nanopore reads into several shorter corrected reads. 185 Using only corrected reads for genome assembly abolishes the advantage presented 186 by the long length of Nanopore reads. In this study, we developed a two-step 187 progressive genome assembler for Nanopore reads. In the first step, we generated 188 high quality contigs using corrected reads (Figure 2D ). In the second step, we bridged 189 the contigs using original Nanopore reads to generate final scaffolds (Figure 2E) . The 190 lost contiguity in contigs, caused by HERSs in raw reads, is thereby filled in the 191 second step of the process. Therefore, genome contiguity is improved by maximizing 192 the usage of all raw reads. Our two-step assembly process is similar to process using 193 SMS reads for scaffolding 20 . 194 Meanwhile, even after error correction, sequencing error rates of corrected 195 Nanopore reads (1.5-9%) are still higher than those of corrected PacBio reads (less 196 than 1%). Moreover, the error rates of corrected reads also show a relatively broad 197 distribution (Supplementary Note 6 and Supplementary Table 4 ). To obtain high 198 quality contigs, we needed to select high-quality overlaps between corrected reads 199 because low-quality overlaps increase the difficulty of assembly and introduce errors 200 into assembly results. Similar to the process used for selecting supporting reads for 201 error correction, we employed both global and individual thresholds to overcome the 202 broad-error-rate distribution for the filtering of low-quality overlaps (Online 203 Methods). 205 We assessed the performance of NECAT error correction using Nanopore raw reads 206 of seven species: E.coli, S. cerevisiae, D. melanogaster, A. thaliana, C. reinhardtii, O. 207 sativa, and S. pennellii with respect to correction speed, corrected data size, accuracy 208 and continuity of corrected reads, as well as the number of reads with HERS in 209 corrected reads (Supplementary Note 6). As shown in 4.40%, 6.45%, and 9.23% respectively; these were less than the average error rates of 220 reads corrected by Canu, which were 7.06%, 3.13%, 8.15%, 12.05, 5.35%, 7.99%, 221 and 9.69% respectively. After the second step, average error rates for seven datasets 222 were further reduced to 2.23%, 1.53%, 4.89%, 9.01%, 1.99%, 4.66%, and 6.45%, 223 respectively.
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Performance of NECAT error correction
224
The maximum overlapping error rate between corrected reads is usually set to 10% 225 during assembly. Thus, the higher the percentage of corrected reads having less than 5% 226 error, the more reads can be used for assembly. As shown in Table 1 , the percentages 227 of NECAT's corrected reads having error rate less than 5% error for seven data sets 228 were 99.34%, 95.04%, 72.03%, 45.85%, 95.18%, 74.62%, and 63.04% respectively, 229 which were significantly higher than those of reads corrected by Canu.
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The progressive correction strategy in NECAT also allowed us to correct more 231 HERS and maintain the contiguity of reads. N50s for NECAT-corrected reads of the 232 seven datasets were 105.1%, 90.5%, 98.0%, 100.9%, 103.7%, 100.4%, and 96.3%, 233 respectively, of N50s for their corresponding raw reads, indicating that NECAT could 234 preserve the contiguity of raw reads. Conversely, N50s for the reads corrected by 235 Canu were 91.9%, 30.4%, 85.8%, 91.8%, 99.0%, 97.7% and 87.3% of the 236 corresponding raw reads, which was less than those of NECAT-corrected reads.
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Another evidence that progressive correction strategy in NECAT can improve the 238 correction of HERS is that the number of reads with HERS has been reduced. After 239 two-step correction using NECAT, the numbers of reads containing HERS in the 240 seven corrected datasets were 1, 268, 3,481, 7,158, 278, 3,511, and 5,445 respectively, 241 while Canu-corrected datasets had 1, 4,820, 6,523, 8,722, 726, 4,413 and 5,511 reads 242 containing HERS. These results indicate that NECAT outperformed Canu in 243 correcting sequencing errors in Nanopore raw reads.
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Performance of NECAT de novo assembler 245 We compared NECAT to two widely used correct-then-assemble pipelines, Canu and 246 Canu+smartdenovo, for de novo assembly of Nanopore reads (Supplementary Note 247 7). We assembled genomes of E. coli, S. cerevisiae, A. thaliana, D. melanogaster, C. 248 reinhardtii, O. sativa and S. pennellii using the longest 40X reads of each dataset, and 249 assembled 35X Nanopore data for the human NA12878 genome using NECAT only.
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As shown in Table 2 days on a single 64-threaded computer. 281 We next assessed the effect of contig-bridging in NECAT assembly. As shown 282 in Table 3 , the number of contigs was significantly reduced in the assembly of A. Text 1). We also validated our assemblies by comparing them to reference genomes.
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The quality of NECAT-generated assemblies were comparable to those of the other 293 correct-then-assemble pipelines and better than assemble-then-correct assemblers 294 (Supplementary Text 2) . 295 De novo genome assembly of retinoblastoma cell line WERI 296 To further evaluate the performance of NECAT in large-genome assembly, we 297 sequenced a cell line called WERI, which is derived from human retinoblastoma 21 . 298 We generated 210 Gb (82 folds) of raw reads from three flowcells using Nanopore 299 PromethION. The WERI genome assembled by NECAT has an N50 of 29M. To the 300 best of our knowledge, this is the best N50 value for the assembly of human genome 301 using the general library of the Nanopore sequencing platform. 302 We aligned the WERI assembly to human reference genome hg38 using Figure 2 ) and the tiling figure shows 306 the continuity of the assembly (Figure 3) . We also used bowtie2 23 to align an Illumina 307 dataset for the WERI cell line onto a WERI assembly and hg38 human reference 308 genome. The mapping rate of the WERI assembly (99.1%) was better than that of 309 hg38 human reference genome (98.0%). 310 We then identified and validated structural variants (SVs) in the WERI assembly. 311 We detected 11,725 SVs (≥10 bp) in the WERI assembly by aligning it to hg38 312 human reference genome using Nummer (v4.0). We also detected SVs from raw and LUMPY 25 , respectively (Supplementary Note 8) . 7210 SVs are commonly 315 detected using WERI assembly and raw Nanopore reads, while only 1117 SVs are 316 commonly detected using WERI assembly and NGS (Supplementary Figure 3 and 317 Supplementary Table 5 ). Furthermore, 90% of unique small SVs (<1000 bp) 318 detected using Nanopore raw reads were able to be found in the WERI assembly, 319 indicating that the assembly can reduce false positives for small SVs (<1000 bp) 320 ( Supplementary Table 5 ). 321 Next, we examined genes associated with the identified SVs. We found 2843 322 annotated genes associated with 7210 SVs identified using both WERI assembly and 323 raw Nanopore reads. 209 of 2843 genes are reported in Phenolyzer 26 and are 324 associated with retinoblastoma ( Supplementary Table 6 ). Among 66 genes, the gene Currently, applying Nanopore reads in genomic studies is difficult because of the 333 complex errors within these reads. In this study, our analyses have shown that 334 Nanopore reads contain high-error rate subsequences, and errors are broadly 335 distributed among Nanopore reads and in subsequences of a read. This broad error distribution complicates selection of supporting reads during the error-correcting 337 process. In traditional error-correction methods, the threshold used to select 338 supporting reads can be set too strict or too lenient; the former cannot select enough 339 supporting reads for correction, while the latter generates too many low-quality reads 340 that affect the accuracy of corrected reads. Furthermore, traditional error correction 341 methods cannot correct the high-error-subsequences in Nanopore reads and generally 342 break Nanopore reads into multiple short corrected reads.
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In this study, we developed NECAT, which includes novel methods such as 344 progressive error correction, adaptive supporting reads and alignment selection, and 345 two-stage assembly, to overcome the errors characteristic of Nanopore reads. The 346 novel error-correction tool in NECAT, which is 2.1-16.5 times faster than that of 347 Canu, can correct Nanopore reads to high accuracy, while maintaining the contiguity 348 of Nanopore reads. The novel assembly tool in NECAT is at least 1.4 times faster 349 than other assembly pipelines with enhanced or comparable assembly performance.
350
The high performance shown by NECAT suggests that the high error rate of 351 Nanopore reads can be overcome by the development of new algorithms with respect 352 to error characteristics.
353
Structural variations identified via raw Nanopore reads usually have a high 354 false-positive rate. Here, we show that these false positives can be reduced 355 considerably by using a high-quality assembly of Nanopore reads for detection of 356 structure variation. Our results show that NECAT is a useful tool for error correction 357 and assembly of Nanopore reads, and for detection of structure variation. 
Figure 3
Continuity analysis of the assembly of WERI cell line using Nanopore reads. Human chromosomes are painted with assembled contigs using the ColoredChromosomes package. Alternating shades indicate adjacent contigs (each vertical transition from gray to black represents a contig boundary or alignment breakpoint). Size is the total number of base pairs in corrected reads. Time is the time of error correction, and the speed is the Size/Time. Error rate denotes the mean error rate of raw reads and corrected reads; <=5% denotes the percentage of reads with less than 5% error rate in total corrected read, values are the bracket are results of NECAT after the first correction; N50 and N75 are the length of read that reached the 50% and 75% of the total length of all reads; Read number with HERS denotes the number of reads that with at least one HERS (more than 50% error in the 500bp window). The reads that were used in evaluating the last three metrices (N50, N75 and Read number with HERS) of NECAT were corrected from longest 40x of raw dataset that were selected by Canu for correction by default, see Supplementary Note 6 for details. Table 3 Performance of de novo assemblies before and after the bridging step of NECAT. Count  Assembly  Size  Max  Min  N25  L25  N50  L50 N75  L75 E. coli
Species Stats
